BACKGROUND: Navigated transcranial magnetic stimulation (nTMS) is increasingly used in presurgical brain mapping. Preoperative nTMS results correlate well with direct cortical stimulation (DCS) data in the identification of the primary motor cortex. Repetitive nTMS can also be used for mapping of speech-sensitive cortical areas. OBJECTIVE: The current cohort study compares the safety and effectiveness of preoperative nTMS with DCS mapping during awake surgery for the identification of language areas in patients with left-sided cerebral lesions. METHODS: Twenty patients with tumors in or close to left-sided language eloquent regions were examined by repetitive nTMS before surgery. During awake surgery, language-eloquent cortex was identified by DCS. nTMS results were compared for accuracy and reliability with regard to DCS by projecting both results into the cortical parcellation system. RESULTS: Presurgical nTMS maps showed an overall sensitivity of 90.2%, specificity of 23.8%, positive predictive value of 35.6%, and negative predictive value of 83.9% compared with DCS. For the anatomic Broca's area, the corresponding values were a sensitivity of 100%, specificity of 13.0%, positive predictive value of 56.5%, and negative predictive value of 100%, respectively. CONCLUSION: Good overall correlation between repetitive nTMS and DCS was observed, particularly with regard to negatively mapped regions. Noninvasive inhibition mapping with nTMS is evolving as a valuable tool for preoperative mapping of language areas. Yet its low specificity in posterior language areas in the current study necessitates further research to refine the methodology.
P atients with lesions of language-eloquent regions, particularly within the left-sided inferior frontal, supramarginal, and superior temporal gyri, are at risk of impairment of language function during resective surgery. Therefore, for optimal surgical results, awake craniotomy and intraoperative language mapping by bipolar direct cortical stimulation (DCS) is advocated. [1] [2] [3] A vast amount of information on the distribution and variability of cortical language representation has been gathered by DCS. [3] [4] [5] [6] Intraoperative mapping is highly reliable. Nevertheless, preoperative language mapping can be of great value because elucidation of functional cortical organization preoperatively enables better patient selection and consultation based on objective risk-benefit balancing. 7 Furthermore, it may allow smaller, more targeted craniotomies and faster and safer intraoperative mapping. Moreover, it might enable safer surgery in patients who are not suitable for awake surgery. Functional magnetic resonance imaging (fMRI) speech mapping has been compared with intraoperative DCS during awake surgery, [8] [9] [10] but its accuracy is insufficient for surgical decisions in patients with lesions in language-eloquent brain areas. 11 Navigated transcranial magnetic stimulation (nTMS) is increasingly used for preoperative mapping of the primary motor cortex. Good correlation of preoperative nTMS and intraoperative DCS motor maps has been repeatedly reported. [12] [13] [14] [15] In addition, repetitive transcranial magnetic stimulation (rTMS) has been used for disturbing speech and determination of language lateralization. [16] [17] [18] [19] [20] By using the combination of TMS and a navigation system, it is possible to specifically identify the cortical regions vulnerable to rTMS, which are presumably speech eloquent. When navigated rTMS is performed during an object-naming task, it is possible to map the cortex for languageeloquent regions. 21 However, so far, there has been only 1 case report published addressing the clinical accuracy and reliability of rTMS for language mapping. 22 Therefore, we prospectively compared the results of presurgical language mapping by rTMS with the present gold standard method, intraoperative DCS during awake surgery, in patients with left-sided lesions to assess these parameters.
PATIENTS AND METHODS Ethics
The experimental protocol was approved by the local ethics committees in accordance with the Declaration of Helsinki. All patients provided written informed consent for all medical evaluation and treatment.
Study Design
This was a prospective, nonrandomized study.
Patients
The study was conducted on consecutive patients scheduled for surgery of tumors in the vicinity of the presumed essential language areas, typically the left perisylvian cortex. They were recruited from 2 hospitals (Department of Neurosurgery, Technische Universitaet Munich, and Department of Neurosurgery, Charité Universitaetsmedizin Berlin). There was no use of prophylactic anticonvulsants before awake surgery.
All patients were enrolled for preoperative noninvasive language mapping with nTMS and intraoperative DCS in awake surgery.
The inclusion criteria were the presence of a brain tumor in the vicinity of areas presumably controlling speech production, age older than 18 years, able to provide written informed consent. The exclusion criteria were frequent seizures (.1/week),general transcranial magnetic stimulation exclusion criteria (pacemaker, cochlear implant), aphasia too severe to complete the object-naming task.
Aphasia Grading
Preoperative aphasia grading of all patients, adapted to the Aachener Aphasia Test, 23 was done by the care team. A 4-level score (0 = no aphasia, 1 = mild aphasia, 2 = moderate aphasia, 3 = severe aphasia, A = motor accented, B = sensory accented) was used.
Preoperative Language Mapping

Experimental Setup
Cortical language mapping was performed with nTMS eXimia NBS version 3.2.2 and Nexstim NBS 4.3. with a NEXSPEECH module (Nexstim Oy, Helsinki, Finland). Three-dimensional (3-D) T1-weighted magnetic resonance imaging (MRI) of each patient was performed as an anatomic reference, coregistered to the subject's brain to localize the activated brain area during nTMS. The nTMS system uses a stereotactic camera for tracking coil position with respect to a patient's head. Head position was tracked by reflectors fastened to the head with an elastic strap. During nTMS, the stimulating coil induces an electric field, which is visualized over the brain's 3-D reconstruction, and the intracranial points of stimulation are saved for later examination. 24 Before speech mapping, the resting motor threshold (RMT) was defined by motor mapping of the cortical representation of the contralateral hand area (abductor pollicis brevis muscle). The individual patient's RMT reflecting motor cortex excitability was used to select the appropriate intensity for subsequent rapidrate transmagnetic stimulation (TMS). The speech cortical representation was activated by an object-naming task. The stimuli were 122 black-andwhite drawings of common objects, displayed at an interpicture interval of 2.5 seconds. The interpicture interval was adjusted in the range of 2 to 4 seconds according to individual abilities to keep the task challenging but still within the range of reliable performance. The frequency and intensity of the rTMS were personalized based on the following protocol: 1. RMT on the tumor hemisphere was determined. 2. A train of 10 to 20 TMS bursts was administered to the ventral precentral gyrus and opercular inferior frontal gyrus: (a) 5 Hz, 5 pulses, 100% RMT; (b) 7 Hz, 7 pulses, 100% RMT (center at Munich additionally used 7 Hz, 5 pulses); (c) 10 Hz, 7 pulses, 100% RMT. 3. The frequency most effectively disturbing speech processing was identified (patient's and examiner's impression; video analysis if in doubt). 4. The most comfortable frequency was chosen if there was no clear difference in the effect on speech. 5. If no evident responses were obtained, the intensity was increased to 110% to 120% RMT and step 1 was repeated. 6. The intensity was decreased to 80% to 90% RMT or as much as needed if pain was reported to avoid any discomfort interfering with the consecutive response evaluation. 16 The electric fields produced by the selected TMS parameters ranged between 45 and 80 V/m at the cortical surface. To make the potential speech arrest clearer, the train of TMS pulses started 300 ms after the picture presentation onset, in line with the timing of naming-related activity reported in magnetoencephalography studies. 25 The object-naming baseline performance and all stimulation trials were videorecorded for later analysis. 21 
Speech Mapping Procedure
The images to be named were displayed on a screen in front of the patient. Each image represented a common object. The subject was instructed to name the objects in his or her mother tongue as quickly and precisely as possible. Before TMS speech mapping, the picture-naming task was performed without stimulation to acquaint the patient with the procedure and images (baseline recording). All misnamed objects were discarded from the stimulus sequence and the number of baseline errors was documented. A second baseline recording with the remaining image stack was carried out, and any additional erroneously named images were again discarded to ensure that the patient named each item correctly. Subsequently, the actual diagnostic naming task was presented timelocked to a train of nTMS pulses. The stimulation coil was randomly moved, in between the visual display of 2 images, in roughly 10-mm steps over the perisylvian cortex. The coil was placed perpendicular to the sulcus posterior to the stimulated point to achieve maximum field induction. 21 Altogether, 80 to 120 sites of the frontal, temporal, and parietal cortex were stimulated 3 times each. The same sites were not targeted consecutively. Areas of particular importance for resection, eg, tumor or lesion and their proximity, were examined in detail. Fourteen of 20 patients underwent stimulation of both hemispheres. The hemispheres were stimulated alternately to avoid potential learning effects and progressive exhaustion, which might interfere with the subsequent outcome. After the examination, the subject was asked to rate any pain associated with the examination according to the visual analogue scale from 0 (no pain) to 10 (maximum pain).
Data Analysis
Two experienced examiners analyzed the data independently. The video of the baseline performance was analyzed first. Thereafter, each video recorded during TMS was screened, and any disturbance of speech processing during the object-naming performance was compared with the corresponding baseline response. The observed errors were categorized following a rule presented in Corina et al 5 :
No-response errors: stimulation lead to a complete lack of naming response. Performance errors: form-based distortions that are slurred, stuttered, or imprecisely articulated. This category contains both dysarthric and apraxic speech production errors. Neologisms: form-based errors that are possible but nonexistent words.
For example, the target word "horse" is replaced with the word "herp." Semantic paraphasias: errors in which the patient substitutes a semantically related or associated word for the target word. For example, the target word "cow" is replaced by the word "horse." Phonologic paraphasias: characterized by unintended phonemic modification of the target word. The spoken word resembles the target word, but is phonetically different. For example, the target word "pants" is replaced with "plants." Circumlocution errors: errors in which the subject talks about or "around" the target instead of naming it. For example, the target word "chair" is replaced with "sit down," explaining the use of the target word. The errors were searched for from the videos of the patient performing the object-naming task. The cortical stimulation sites were hidden from the 2 examiners. Errors related to direct stimulation of muscles or associated with pain were discarded from the analysis.
In case of disagreement, a third examiner made the decisive verdict on a response. The individual RMT and rTMS frequency, the baseline error rate, and the number of potentially painful stimuli were also documented. In addition, the analysis of TMS data was cross-checked between the centers to ensure comparability.
Intraoperative Language Mapping
Setup
To ensure maximum comfort during the operation, the patient was placed in the semilateral position and supported with individually fitted foamed plastic cushions. The head was fixed with a 3-point crania-fixation device (Mayfield clamp), and the reflector for navigation was attached to it.
During the operation, an operating room neuronavigation system (BrainLAB Vectorvision Cranial or BrainLAB Curve, Brainlab AG, Feldkirchen, Germany) was used at both sites in positioning the surgical tools and cortical stimulation electrodes with respect to the brain anatomy. The patient's head was coregistered with the same 3-D MRI used during nTMS session.
Anesthesiological and Surgical Procedures
During the operation, the following parameters were monitored continuously: respiratory rate, exhaled carbon dioxide, oxygen saturation, electrocardiography, blood pressure (direct or oscillometry), and temperature. A mixture of bupivacaine and epinephrine was used for regional and infiltration anesthesia of the galea and dura. An adequate level of analgesia and sedation was maintained by continuous infusion of remifentanil and propofol. The depth of analgesia and sedation was monitored using the Ramsay sedation scale with a target score of 5 to 6 (weak or no response to pain stimuli). Additional bolus doses were administered immediately before incision of the scalp and dura to adjust analgesia and sedation to the pain level of the surgical stimuli. Analgesia and sedation were discontinued about 10 minutes before neuropsychological testing. Baseline analgesic infusion was continued. The goal during this phase was a Ramsay sedation score of 2 (patient awake, calm, cooperative). After completion of cortical mapping, the operation was continued with the patient under either conscious sedation with the option of resuming language testing after reduction of the depth of analgesia and sedation or after intubation or general anesthesia (for additional details, see Picht et al 26 ).
Speech Mapping Procedure
The sites of cortical stimulation were placed 5 to 10 mm apart. The raster was tighter close to the planned corticotomy. Electrical stimulation (0-20 mA, 40/60 Hz, 4-second duration) for cortical language mapping was done using bipolar stimulation forceps (electrode distance of 5 mm, Viasys Healthcare, Madison, WI [Berlin site], Inomed Medizintechnik GmbH, Emmendingen, Germany [Munich site]) and blinded to the TMS mapping results. To detect epileptic seizures and monitor possible inhibition of adjacent cortical areas, a surface electroencephalogram (band pass 10 Hz-1.5 kHz) was recorded with a cortical grid electrode. An object-naming task was used during cortical mapping since a as its disturbance is a common feature shared by all forms of aphasia. 27 The same object images were used for preopertive rTMS as well as for intra-operative language mapping by DCS. However, in intraoperative mapping, the line drawing was presented with the matrix sentence "This is a. . .." The patient's task was to say this sentence and complete it by the name of the object presented during the 4-second cortical stimulation. All sites were stimulated at least 3 times unless epileptic afterdischarges were evoked. A site was considered language positive if the same effect was induced in at least 2 of 3 stimulations. 28 All positive sites were marked with tags with letters indicating the event evoked (speech disturbance/arrest, aphasic disturbance/ arrest, epilepsy). On completion of cortical mapping, the positive sites were transferred to the navigation system with the navigation pointer. If the procedure was continued with the subject awake, language testing was conducted during subcortical resection as needed.
Comparison of Preoperative nTMS and Intraoperative DCS Language Mapping
Anatomic Localization
The location of stimulation in the nTMS system was determined with a real-time physics modeling system that calculates the intracranial location of stimulation induced by the coil and displays this information on high-resolution 3-D MRI. When the coil position is tracked, the effects of the stimulation train can be pinpointed to an anatomic location. For intraoperative direct cortical stimulation, the localization of stimulation effects was based on the assumption that the stimulation is strongest in the tissue in contact with the electrode. The stimulating electrode was localized by attaching the probe to the operating room neuronavigation system.
An approach for evaluating effects of intraoperative language mapping on an anatomic level has been presented. 5 In this method, chosen for the current analysis, the cortex is parcellated into 37 individual anatomic regions for evaluation of the anatomic site of the stimulation. The cortical gyri belonging to these anatomic cortical parcellation system (CPS) subregions were identified from 3-D MRI, and the regions were drawn on a 3-D image. 29 The nTMS data and intraoperative DCS mapping data were both projected on the parcellated cortex. This approach allows a comparison of the localization data between individual patients and over the entire studied population.
The locations of these regions are displayed on an anatomic brain template ( Figure 1 ). 5 Figure 2 shows as an example the MRI of patient M11 with anatomic areas defined according to the area division. The DCS positive stimulation points are highlighted in orange.
In patients with large tumors causing significant anatomic distortions and obscuring the cortical gyri, the definition of anatomic areas from the MRI was challenging. However, the same definition of areas was used in the anatomic labeling of both nTMS mapping and DCS results, so the possible ambiguities of areal border definition in some patients would have no effect on the comparison of the 2 datasets.
Stimulation Assessment
The intraoperative results were first assigned to anatomic regions to obtain a "ground truth" for each area. Here "ground truth" means either a "positive" language area where DCS induced naming errors (ie, area stimulated contained essential language functions) or negative language area where DCS did not induce naming errors (ie, area stimulated did not contain essential language functions).
During the preoperative language mapping with nTMS, each area was stimulated several times. Because the nTMS gave more freedom to the operator in terms of mapping time and extent of studied regions, the cortex was stimulated much more extensively with nTMS than with DCS. To determine whether an individual brain region gave rise to speech deficits during nTMS, the following definitions for region positivity and negativity were used: (1) positive brain region, a region was considered to give rise to speech deficits if any of the trains delivered to the region elicited naming errors regardless of the error type; (2) negative brain region, a brain region was considered not to give rise to speech deficits if the region had been stimulated with at least 1 stimulation train and no speech deficits of any error type were generated. Following these rules and regarding the intraoperative DCS result as the "ground truth" for each anatomic region; the nTMS results were labeled as true positive, true negative, false positive, or false negative. Thereafter, the sensitivity and specificity values were calculated (Table 1) . This comparison could be made for each region studied with intraoperative DCS. No ground truth data were available for assessment outside the region studied by DCS.
RESULTS
Patients
Between April and December 2011, 20 patients were enrolled; 9 men and 11 women. The mean age was 48 6 12 years. Six of them were mapped and operated on at Charité Berlin and 14 at TU Munich. All lesions were located within the left hemisphere. Eight were frontal and 9 temporal gliomas. Ten patients had a glioblastoma WHO grade IV, 6 had anaplastic astrocytoma WHO grade III, 1 had a diffuse astrocytoma WHO grade II, 1 a pilocytic astrocytoma WHO grade I, and 2 had cavernomas. Two patients were lefthanded but had aphasia due to a left-sided tumor (Table 2) . Speech disturbances due to focal seizures were the initial symptom in 7, generalized seizures in 6, and aphasia in 8 patients. The aphasic symptoms were predominantly sensory in 4 and motor in 4 patients.
Preoperative nTMS Mapping
Preoperative nTMS speech mapping was done in all 20 patients over the whole left hemisphere. The stimulation was generally well tolerated by all patients. The mean (range) visual analog scale score for maximum painful stimuli was 2.7 (range, 0-8). One patient requested reduction of the stimulation intensity due to discomfort related to transient temporal muscle activation. We did not observe any adverse events. No difference in the data evaluation method between the sites was observed.
Baseline errors during preoperative object naming ranged from 0.7% to 76.3% of shown objects. The left hemisphere was stimulated at 166 to 683 sites (median, 452.5 sites). Each nTMS train consisted of 5 to 10 pulses given at rates between 5 and 10 Hz (Table 3) . Trains with 5-or 7-Hz frequencies were best tolerated and used most often. During stimulation, 3 to 177 naming errors (median, 61.5 naming errors) were observed ( Table 4) .
The occurrence of different naming error types per each region was recorded for each patient (Table 4) . Moreover, we calculated the total errors for each patient induced by the stimulation trains (Table 3) .
Intraoperative DCS Mapping
In all patients, intraoperative language mapping was successful. The individual stimulation intensity varied according to the 
General Correlation of nTMS With Intraoperative DCS Mapping
Both methods were capable of eliciting naming errors. The detection of these errors relies on subjective assessment of the patient performance. Intraoperative DCS mapping data were available for 1 to 19 areas (median, 9 areas) according to the CPS, whereas nTMS data were available for 9 to 27 regions (median 15 regions) ( Table 5 ). In total, DCS data were available for 189 regions and nTMS data for 326 regions. In a total of 160 regions, data for both methods were available. The overall occurrence of the 4 categories (true positive, true negative, false positive, or false negative) is presented in Table 6 .
The results of the comparison were collected on a CPS brain template and the number of different classifications (true positive, true negative, false positive, or false negative) was recorded for each anatomic region for each patient (Figures 3 through 6 ). Patient B5 was excluded from this analysis (see Exclusion of Data section).
True-Positive Responses
We observed true-positive responses, ie, DCS and nTMS positive, in 46 brain regions in 18 patients. True-positive responses occurred across all studied cortical regions but more frequently in regions considered to belong to the classic Broca's area (triangular inferior frontal gyrus, opercular inferior frontal gyrus, ventral precentral gyrus). In these 3 regions, a total of 26 true-positive responses were obtained in 15 patients (Figure 3 ).
True-Negative Responses
True-negative responses (DCS and nTMS did not elicit any speech disturbance) were recorded in 26 cortical regions in 12 patients and were evenly distributed over the studied regions. In the regions considered to belong to the classic Broca area, we observed only 3 true-negative responses in 2 patients (Figure 4 ).
False-Positive Responses
False-positive responses (nTMS impaired speech without any positive DCS confirmation) were obtained in 83 brain regions in 18 patients and were evenly distributed over the studied cortical regions. Within the classic Broca's area, 20 false-positive responses were obtained in 18 patients ( Figure 5 ).
Within false-positive nTMS spots, there were 10 patients with TMS-positive sites within or above tumor tissue, which were resected. Locations were posterior supramarginal gyrus, opercular inferior frontal gyrus, middle middle frontal gyrus, posterior middle frontal gyrus, posterior superior temporal gyrus, ventral precentral gyrus, ventral postcentral gyrus, anterior middle temporal gyrus, anterior superior temporal gyrus, and anterior inferior temporal gyrus. Only 1 of these patients showed temporary impairment of language function.
False-Negative Responses
False-negative responses of nTMS mapping (DCS positive and nTMS negative) were rare. A total of 5 false-negative responses were observed from 5 brain regions in 3 patients. None of the falsenegative responses occurred in the regions belonging to the classic Broca's area. Instead, all false-negative responses were found in posterior brain regions (supramarginal, angular, posterior superior temporal gyri) ( Figure 6 ).
Receiver-Operating Characteristics
We also calculated receiver-operating characteristics: sensitivity, specificity, and positive/negative predictive values. These receiveroperating characteristics are provided for all regions and separately for the classic Broca's area (Table 7) .
When the DCS responses were taken as the gold standard, nTMS results had an overall sensitivity of 90.2%, specificity of 23.8%, positive predictive value of 35.6%, and negative predictive value of 83.9%. Within the classic Broca's area, sensitivity was 100%, specificity 13.0%, positive predictive value, 56.5%, and negative predictive value 100% (Table 6 ).
Exclusion of Data: Patient B5
During nTMS mapping in patient B5, stimulation intensity had to be decreased to 52% of the RMT due to discomfort (Table 2) . B1  1  0  2  0  FP  ND  TP  4  11  B2  0  3  0  0  TN  ND  TN  6  9  B3  2  2  2  0  TP  FP  FP  6  15  B4  1  2  2  0  TP  TN  FP  6  21  B5 (*)  0  0  0  1  ND  ND  ND  1  17  B6  4  2  3  1  FP  FP  TP  10  22  M1  3  1  1  0  TP  TP  TP  7  15  M2  1  0  4  0  FP  FP  TP  8  11  M3  4  0  9  0  TP  FP  TP  14  19  M4  2  4  5  1  TP  TP  FP  12  17  M5  2  1  4  0  TP  FP  FP  9  14  M6  5  0  6  0  FP  FP  TP  12  13  M7  1  4  2  3  FP  ND  TP  15  14  M8  1  0  4  0  FP  FP  TP  7  13  M9  3  2  7  0  TP  ND  TP  15  14  M10  3  2  14  0  FP  TP  TP  19  25  M11  6  2  3  0  TP  TP  TP  11  27  M12  3  0  4  0  FP  TP  FP  8  20  M13  1  1  5  0  ND  ND  ND  10  10  M14  3  0  6  0  FP  ND  FP  9 In all other patients, the stimulation intensity ranged between 90% and 120% RMT. With the resulting electric field strength being below 45 V/m in patient B5, we excluded this patient from analysis because this low stimulation intensity is probably ineffective in inducing naming errors. This decision is supported by the very low number of errors observed in patient B5 (Table 3) .
Patient Outcome
In 7 of 20 patients, aphasia was aggravated within the first 7 postoperative days. Three patients had aggravated and 3 had diminished aphasia at the 3-month follow-up (Table 2 ). Gross total resection was achieved in 18 cases. Only subtotal resection was possible in 2 cases because the tumor infiltrated areas having eloquent language function.
DISCUSSION
Permanent language deficits with their deleterious impact on quality of life are the main concern when planning the treatment of tumors in the dominant perisylvian areas. The main challenge of this planning is the unpredictability of the location of essential language sites as evaluated from anatomic landmarks. The current study analyzed for the first time the potential of a novel noninvasive approach to induce and document language disturbances with navigated repetitive TMS. Compared with the gold standard of intraoperative DCS, we observed an excellent sensitivity, particularly within the classic motor speech areas (1.0). The specificity with DCS as the ground truth was low (0.24). DCS, either in an awake craniotomy or through an implanted subdural electrode grid, is the gold standard for unraveling the anatomic relationship of tumor and essential language areas. These methods were already used in the first half of the past century and were later refined by others. 2, 3, 6, 30, 31 In these studies, it has become evident that the classic language sites (areas of Broca and Wernicke) are merely parts of a complex and highly individualized language network. The cortical entry sites to this network have also been described as language mosaics because predominantly a pattern of solitary spots rather than of clusters is observed. 3 It is not clear which of these so-called essential language sites are really indispensable for function. In general, the language sites identified by DCS are preserved during the surgical procedure. Nevertheless, individual reports also state that if more than 1 cortical language site has been identified by DCS, 1 of them can be removed without permanent neurological sequelae. 30, 32 Also, planning the resection strategy based on the language-negative cortical map has been proposed for fMRI 33 as well as for intraoperative DCS-based language mapping. 6 The relationship between resection margins and functional outcome has been described in various reports. 3, 6, 28, [34] [35] [36] [37] [38] Recently, efforts to identify true, generally essential hot spots-"minimal common brain"-have been undertaken. 35 
Preoperative Noninvasive Language Mapping
Due to the imminent risk of causing language deficits, neurosurgeons traditionally hesitate to propose surgery when the lesion is located in the perisylvian areas, particularly if the inferior frontal or superior temporal gyrus are affected. Ideally, these patients are referred to specialized centers with vast experience in invasive cognitive mapping procedures. This may not always be feasible due to the lack of information and organizational restrictions or to patient-specific reasons such as unwillingness to undergo awake brain surgery or comorbidities rendering the awake approach too dangerous. Even if an awake procedure is planned, the value of counseling the patient as well as planning the surgical strategy based on objective preoperative functional information must not be underestimated. This was recently demonstrated in patients with tumors within essential motor areas. 15, 39 Until now, fMRI has been the only noninvasive method with broad availability for preoperative speech assessment. It has been widely used to study language function in both normal subjects and in brain tumor patients. [40] [41] [42] Several studies have shown a good correlation between fMRI and the Wada test for defining the hemispheric dominance, 43, 44 but comparison of fMRI activity with DCS language sites has produced disappointing results. 8, 10 These discrepancies probably reflect the marked methodological differences in the 2 methods. 33 DCS and TMS are lesion-based approaches and therefore allow targeted analysis of circumscribed cortical areas essential for function, whereas fMRI relies on statistical analysis of changes in regional blood oxygenation. Analysis of the same fMRI raw data by different examiners leads to different results even when the same original dataset is used. The reliance on predefined and used statistical thresholds is the main limitation of all cluster overlap methods. 7 Moreover, intracerebral lesions such as gliomas induce edema and change oxygenation in the brain, which hampers the accuracy of fMRI. 8, 11 The tumor-induced proliferation of vessels increases the cerebral blood volume and provokes oxygen extraction. Furthermore, especially high-grade gliomas invade the normal brain parenchyma, which results in a decreased cell-to-cell contact rate of astrocytes and capillary cells. This affects the release of neurotransmitters, which also leads to increased cerebral blood flow and a decreased oxygen extraction fraction. 11, [45] [46] [47] In both cases, a reduction of the BOLD signal is unavoidable. 11, 22 Therefore, fMRI is insufficient for precise delineation of functional brain areas when they are impaired by intracerebral lesions, as shown previously.
9,10 fMRI can also be compromised by the patient's lack of cooperation or claustrophobia, whereas nTMS is better tolerated, as shown for preoperative motor mapping. 15 The strength of fMRI resides in visualization of networks. In line with experiences of functional localization of motor areas, we believe that TMS/DCS and fMRI are complementary methods and should be used accordingly. 12, 15 TMS has been used in basic research of language for many years, but only recently technical improvements have introduced the technique to the presurgical workflow. Here the combination with neuronavigation and electric field modeling has significantly improved the clinical value of the technique. 24 This is reflected in the increasing number of papers on nTMS in neurosurgery. [13] [14] [15] 24, 48, 49 With regard to language mapping, TMS is the only painless noninvasive method that emulates the DCS principles, namely, repetitive depolarization of axons involved in language processing. 16 The potential of TMS to interfere with language tasks has been proved in several studies. 16, 50, 51 Yet these studies have been conducted without the use of neuronavigation, and the effects have not been compared with DCS. Recently a first anecdotal description of the clinical application of the new nTMS language mapping method was published. 22 
TMS and DCS: Neurophysiological Differences
It is assumed that DCS-induced electrical current disrupts signal processing at the cortex and thus transiently alters the patient's performance in language tasks. A few millimeters movement of the bipolar stimulation electrode changes the stimulation effect. This suggests that the stimulation effect occurs mainly between the electrode poles. In stimulation with intensity below the after-discharge threshold, controlled for by electrocorticography, current spread is limited and DCS is considered to have an error margin of 10 mm in speech mapping. 4, 6, [52] [53] [54] For TMS, repetitive high-frequency trains maintain a current within the cortex, which is the prerequisite to induce a virtual lesion and allows analysis of a higher cognitive function such as language. Yet, the profile of the induced current in terms of current density and direction by TMS differs from that induced by DCS. Because it is known from motor mapping, DCS activates motor cortical axons directly, whereas TMS activates motor neurons mainly through indirect intracortical pathways. 55 The unspecific activation and/or inhibition of intracortical pathways might render sites TMS positive that do not carry essential language function. This could explain why in those 10 patients, who underwent resection of TMS-positive spots, there were no longterm sequelae. These differences need to be considered when interpreting stimulation results and possible discrepancies between the 2 methods. To overcome this potential limitation of the current method, further investigation of optimal intensities, frequencies, and duration of the TMS trains for language mapping is required. Also, the potential immediate impact of repetitive TMS on the cortical excitability (immediate short-term plasticity) requires further study. We chose to use the range of parameters applied in previous studies and were able to induce language errors in all patients. Tests of higher frequency trains and bursts might provide further insight into the mechanisms inducing speech disturbances. However, induction of pain and muscle tetanization may limit the use of high frequencies, at least when delivered in long trains. 50 We had to lower the nTMS intensity because of discomfort in 1 patient; otherwise, no relevant pain or discomfort was elicited.
Another explanation for the discrepancy between DCS and nTMS results in our study is the difference of the applied language task. Intraoperatively we administered the traditional object naming task with the leader phrase "this is. . .," as described by Ojemann et al, 3 whereas for the nTMS mapping, only the object was presented. The reason for this is the shorter stimulation train (1 second) chosen for TMS mapping compared with DCS (4 seconds) and the synchronization of the nTMS stimulation starting 300 ms after the image presentation. This difference may explain our observation of the high sensitivity of nTMS to detect classic motor speech areas but the significant weakness in posterior language areas. The current methodology's shortcoming of insufficiently interfering with language perception and initial processing may be overcome by implementation of alternative language tasks that challenge more the semantic processing. In addition, different stimulus onset and duration timings based on data on language processing 25 have to be tested to increase sensitivity as well in the posterior regions.
Finally, the occurrence of false-positive nTMS results may reflect higher sensitivity of the examiner for errors in the offline video analysis for nTMS compared with the online intraoperative response detection in which only very clear observations are regarded as useful. On the other hand, the (by our definition) "false"-positive sites may also indicate the presence of language sites not intraoperatively defined and, in this case, may also be regarded as potentially dangerous areas for resection. The CPR areas, although relatively small, still exceed the size of the 10-mm error margin of the DCS, and thus some false-positive results may be due to less dense spatial sampling by the DCS.
TMS Tolerance and Outcome
No adverse events related to nTMS speech mapping were reported. This result adds to the body of evidence in the existing literature that the short rTMS trains can be used in normal subjects and patients without adverse events. 16, 18 It also demonstrates that the noninvasive nTMS speech mapping procedure is safe in the indicated patient population. Because intraoperative speech mapping with DCS produced seizures in 2 patients, the safety profile of TMS mapping was better than that of DCS in the current limited series. Also, TMS studies can be performed under laboratory conditions, and the navigation allows exact reproduction of previous stimuli. 24 This results in a more comprehensive examination than intraoperatively possible due to the restrictions associated with awake craniotomy. This is also reflected in the significantly higher number of areas examined preoperatively than intraoperatively in this series.
The percentage of aggravated aphasia 3 months postoperatively is relatively high at 15% (3/20) . It must be taken into account that the sample size of the current series is small and that all 3 aphasic aggravations were observed in patients with malignant gliomas. However, it must be stressed that radical resection of malignant gliomas in eloquent locations should not be pursued at the cost of neurological functioning, given the natural course of the disease.
CONCLUSION
Noninvasive language mapping with navigated TMS could be completed in 100% of patients. It was well tolerated and no adverse events occurred. In addition, the training effect of noninvasive TMS language mapping on the patient's performance and compliance during intraoperative speech mapping should not be underestimated. TMS speech mapping was highly reliable in obtaining negative response maps within motor speech-related areas of the cortex. These negative responses can be used to identify regions where DCS responses are unlikely to be obtained and support the surgical team to custom tailor the craniotomy size and location as well as the resection trajectory. Given the low specificity of the current method in posterior language areas, its clinical utility in these areas is limited at the moment, and positive TMS responses need to be verified by intraoperative DCS.
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